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Abstract
We investigate the allowed ranges of masses for an unstable tau neutrino in the con-
text of SO(10) GUT-s. In light of the new nucleosynthesis results we obtain that there
is a narrow window for mντ where the LEP, neutrino oscillation and nucleosynthesis data
are compatible. This window, which depends on the effective number of neutrinos con-
tributing to nucleosynthesis, has important cosmological consequences and will be tested
by ongoing neutrino oscillation and LEP II experiments.
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The question of understanding the smallness of the ordinary neutrino masses, mνe , mνµ
and mντ , relies on different solutions in the context of extended gauge structures of the
Standard Model (SM). The most attractive one, known as the see-saw mechanism [1], has
been conceived in SO(10) grand unified theories (GUT) [2]. In these theories, the light
neutrinos are massive Majorana particles and, in general, mixed between flavour states.
Neutrino mixing implies that the generational lepton numbers, like the electron number
(Le), muon number (Lµ) and taon number (Lτ ), are not conserved, giving rise to flavour
changing processes like radiative decays of µ and τ leptons. Apart from these, another
type of flavour changing decays of charged leptons, containing only charged leptons and
antileptons in the final states, has been extensively searched for in experiments. Taking
into account the present experimental limits on muon decays [3], there is really little room
remaining for the violation of Lµ+Le. However, the present upper limits on the branching
ratio for rare tau decays provide a possibility of violating Le + Lτ or Lµ + Lτ at a much
higher level.
The Z0 width measurements at LEP have limited the number of ordinary neutrino
species to three with an impressive accuracy. A consistent bound, Nν <∼ 3.04 [4], has been
derived from studies of big bang nucleosynthesis (BBN) in the early Universe. However,
recent analyses [5, 6] show an inconsistency between the standard BBN prediction and
observed abundances of primordial 4He and D, and give Nν = 2.1 ± 0.3 [6] ruling out
Nν = 3 at 98.6% C.L. To solve the problem one has to conclude that one of the neutrinos,
necessarily the tau neutrino, is unstable and, in order not to contribute as one neutrino
specie to the BBN, its lifetime τντ should be limited to
τντ <∼ 1 s. (1)
An additional strong requirement arises immediately for the neutrino mass. To avoid its
background production via e+e− → ν¯τντ at BBN time its mass should satisfy mντ >∼ O(1)
MeV.
In this letter we extend the analyses of Ref. [7] and derive lower bounds on the tau
neutrino mass in general SO(10) GUT models taking into account laboratory limits on
flavour changing processes and nucleosynthesis results. First we consider the case with
Nν = 2 effective neutrinos contributing to BBN. Later on, we relax the requirement
and allow Nν to be around 3. The obtained bounds depend on the mixing angle of tau
neutrino as well as on the bounds on the branching ratio of the process τ → 3µ and, most
strongly, on the mass of new neutral Higgs boson. Therefore, they can be probed through
collider experiments and searches for neutrino mixings and other lepton number violating
processes.
Among the two maximal continuous subgroups of SO(10), SU(5) and SU(2)R ×
SU(2)L × SU(4), which can appear in the symmetry breaking chain, only the latter
one is viable phenomenologically. The Pati-Salam gauge group [8] displays the left-right
symmetry directly, implying that all quarks and leptons are assigned to left- and right-
handed doublets. The Pati-Salam symmetry can break further into the left-right gauge
group SU(2)R × SU(2)L × U(1)B−L which breaks down to the SM. This can be done in
several steps, passing through different symmetry groups or in only one step, directly [9].
Concerning the scalar sector, any model should contain at least one representation
Φ(10) necessary to generate Dirac masses for fermions and one representation Φ(126)
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necessary to generate Majorana masses for the right-handed neutrinos and give rise to
the see-saw mechanism. To avoid arbitrary complications we choose to work with a
minimal model containing only one Φ(10) and one Φ(126). The Φ(10) is a complex vector
representation of Higgs field whose content under the chiral decomposition is given by
10 = (2, 2, 1) + (1, 1, 6) .
Therefore, derived from a single Φ(10), there can be one or two Higgs doublets in our low
energy theory. Since no unification of mb ≈ mτ at the breaking scale of the Pati-Salam
subgroup can be achieved with only one doublet [10], only the two doublet models are
well motivated in the context of GUT-s. What is relevant for our analyses is that triplet
representations, denoted by ∆R,L, exist in both right- and left-handed sectors. They arise
from the Φ(126) representation which decomposes as
126 = (1, 1, 6) + (3, 1, 10) + (1, 3, 10) + (2, 2, 15) .
The neutral component of the left-handed triplet mediates the non-diagonal neutrino
decays which we investigate in this work. As we work with the minimal scalar content,
we are going to have only one ∆L and one ∆R. However, our results will be unchanged if
more scalars would be added.
With this field content the effective Yukawa Lagrangian below the Pati-Salam breaking
scale can be written as
LY = ΨLhφΨR +ΨLh˜φ˜ΨR + h.c.
+ i
(
ΨTLCτ2~τ · f ~∆LΨL +ΨTRCτ2~τ · f ~∆RΨR
)
+ h.c., (2)
where ΨL,R denote the left- and right-handed lepton doublets, respectively, φ a bidoublet
of Higgs fields, φ˜ = σ2φ
∗σ2, and h, h˜ and f are matrices of Yukawa coupling constants in
generation space. As required by phenomenology, the vacuum expectation value (vev) 〈φ〉
gives masses to the charged leptons (and analogously to quarks) and Dirac masses to the
neutrinos, whereas a large 〈∆0R〉 leads to the see-saw mechanism for neutrinos. The vev
of the left triplet, 〈∆0L〉, is strongly constrained due to its contribution to the ρ parameter
and can be taken to be zero.
Since our purpose is to study the possible degree of Le + Lτ or Lµ + Lτ violation,
we have to discuss experimental constraints on the Yukawa couplings in Eq. (2). The
branching ratios of the processes µ → 3e and µ → γe are constrained 5-6 orders of
magnitude more stringently than the ones of other flavour changing decays of leptons [3].
It follows from the former process that feµ is negligible compared with the other values
of fij and can be neglected [11]. The decay µ → γe sets constraints on the combination
feτfτµ of the couplings and imply that one of them can be neglected if the other is assumed
to be sizable. Similar argumentation applies also to the Yukawa couplings hij . Mixing
angles of the left-handed neutrinos are given with good accuracy (up to corrections of
order 〈φ〉/〈∆R〉) by the matrix h, and non-observation of µ → γe constrains the νeνµ
and ντνe or ντνµ mixings very strongly. On phenomenological grounds, these constraints
are equivalent to imposing the approximate global U(1)τ+µ or U(1)τ+e symmetries
1. We
1 To be mathematically rigorous, one has to impose an exact global U(1) symmetry and double the
number of triplet Higgs multiplets. It was shown in Ref. [7] that for all phenomenological purposes these
two approaches are equivalent.
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will work with the most natural model with the U(1)τ+µ global symmetry and comment
later on the implications of imposing the U(1)τ+e. In this limit, the electron generation
separates entirely from the µ and τ generations and the decay µ→ 3e is forbidden. The
Yukawa matrices in Eq.(2) take the form
f ≡

 fee 0 00 fµµ fµτ
0 fτµ fττ

 ,
and similarly for h and h˜.
The physics we are interested in comes from the left-handed triplet sector of the theory.
Since the ∆L fields do not take part in the Higgs mechanism, we can ignore the couplings
of the type ∆Lφ∆
+
Rφ
+ in the Higgs potential. In this case the ∆L and ∆R remain unmixed
states. In the basis where all leptons are mass eigenstates the relevant Yukawa Lagrangian
is given by
LY = νTLF ′C−∞·′LνL + νTLF ′′C−∞·+LLL + LTLFC−∞·++L LL + h.c.,
where ν = (ν2, ν3), L = (µ, τ) and F , F
′ and F ′′ are 2 × 2 matrices related to each
other as FKT = F ′′, and KFKT = F ′. Here K is the leptonic CKM matrix in the left
sector involving only the neutrino mixing angle, θµτ , which can be measured in neutrino
oscillation experiments. For large neutrino masses the present limit on the mixing angle
is 3 · 10−2 [3]. Therefore, we denote always ν2,3 ≡ νµ,τ . This bound will be updated, if
the angle will not be measured, already this year by CHORUS and NOMAD experiments
which have been taking data since 1994 and will achieve the designed sensitivity of θµτ ≤
7 · 10−3 [12]. The planned Fermilab E803 and NAUSICAA experiments will have the
potential to measure also θeτ with the same sensitivity or better, and θµτ at the level of
10−3 [13].
Our results will explicitly depend on the masses of the left triplet Higgs bosons which
are set by some new symmetry breaking scale. However, since ∆0L , ∆
+
L and ∆
++
L belong
to the same SU(2)L multiplet, their mass difference should be of the order of the SU(2)L
breaking scale, i.e., a few hundred GeV at most. Indeed, in the class of SO(10) GUT
models what we consider, M∆0
L
, M∆+
L
and M∆++
L
are not independent. Starting with the
most general form of the Higgs potential involving the bidoublet and the triplets one can
show that the following relations hold [14]
M2
∆++
L
=M2∆0
L
(1 + 2α) , M2
∆+
L
=M2∆0
L
(1 + α) ,
where α is a dimensionless combination of the Higgs potential parameters. Experimentally
the values of α can be bounded from the measurements of the parameter ρ = 1+ ρθ+ ρ∆,
where ρθ is a correction due to the mixing of Z
0 with a new neutral gauge boson (which
we are neglecting here) and ρ∆ comes from the ∆L-loop contribution to the Z
0 and W±
mass. It is given by [15]
ρ∆ =
GF
4
√
2π2
[
f(∆0
L
,∆+
L
) + f(∆+
L
,∆++
L
)
]
≡ 3GF
8
√
2π2
∆m2,
where f(x,y) =M
2
x+M
2
y−2M2xM2y ln(M2y /M2x)/(M2y−M2x). Studies of the new contributions
to the ρ parameter have been settled the upper bounds ∆m2 ≤ (76 GeV)2, (98 GeV)2,
3
(122 GeV)2 [3] for the SM Higgs masses mH = 60, 300 and 1000 GeV, respectively, at
90% C.L. The obtainable lower bounds on α depend strongly on M∆0
L
and mH , and are
presented in Table 1. The present mass limit M∆0
L
>∼ 45 GeV, which derives from the
LEP invisible Z0 width measurement, will improve at LEP II and Next Linear Collider
(NLC) up to the representative values 80 GeV and 250 GeV, respectively.
Let us now turn to the decays of ντ , which can have the following modes
ντ −→ νµγ , 3νµ . (3)
The first, the radiative decay mode, is highly suppressed [16] and is not useful in satisfying
the constraint (1). Therefore, we are left with the decay ντ → 3ν mediated by the ∆0L
exchange. The effective hamiltonian for this process is given by
H =
Gντ√
2
νµγ
λ
(
1− γ5
)
νµ νµγλ
(
1− γ5
)
ντ + h.c.,
where Gντ =
√
2 (fµµ + 2θµτfµτ ) (fµτ − θµτ (fµµ − fττ )) /(4M2∆0
L
). The calculation of ντ
lifetime is straightforward and gives τ−1ντ = 2G
2
ντ
m5ντ/(192π
3). Using the constraint (1)
this yields a lower bound
mντ >∼
0.11 MeV
(
M∆0
L
GeV−1
) 4
5
[(fµµ + 2θµτfµτ ) (fµτ − θµτ (fµµ − fττ ))]
2
5
, (4)
which depends explicitly on the bounds on ∆0L mass, θµτ and the Yukawa coupling con-
stants fij . It is important to notice that even if fµτ = 0 (i.e, even if there is no τ → 3µ
decay), ντ can decay due to the neutrino mixing.
In order to obtain numerical estimates on mντ we have to consider constraints on
the triplet Yukawa couplings. Most generally, vacuum stability requires | fij |≤ 1.2 [17],
which is also the only available bound on fττ . From the extra contribution to (g−2)µ the
following bound has been established [11]
|fµµ| <∼ 0.25 · 10−2
√
1 + 2α GeV−1M∆0
L
. (5)
In the presence of the non-diagonal coupling fµτ , the decay τ → 3µ mediated by ∆++L , is
allowed. Analogously to the previous case, its branching ratio is given by
B(τ → 3µ) = f
2
µµf
2
µτ
4ΓτM4∆++
L
m5τ
192π3
,
where Γτ is the total width of the decaying lepton. The present experimental limit B(τ →
3µ) ≤ 1.9 · 10−6 [18] leads to the bound
|fµµfµτ | <∼ 7.6 · 10−8(1 + 2α) GeV−2M2∆0
L
. (6)
All these constraints will improve considerably at NLC which will measure the diagonal
couplings, including fττ , with the same sensitivity as the off-diagonal ones [19]. To obtain
as conservative bounds on the neutrino mass as possible, we have used the maximum
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values of α in Table 1 and assumed that the Yukawa coupling constants in Eq. (4)
add up constructively. The most stringent constraint appears when the process τ → 3µ
is forbidden and becomes somewhat relaxed if the decay τ → 3µ is allowed. For the
maximally allowed fµτ we obtain
mντ >∼ 9 MeV, (7)
which is the absolute lower bound on tau neutrino mass in the models we consider. Should
CHORUS and NOMAD experiments show negative results, the bound will rise tomντ >∼ 14
MeV.
These are strong constraints, leaving a quite narrow window for the neutrino mass
up to the current laboratory limit mντ <∼ 18 MeV [20]. On the other hand, a ντ in this
mass range has important cosmological consequences: it is required by COBE anisotropy
measurements to obtain the correct amount of cold dark matter in the Universe [21]. It
follows from Eq. (4) that the bounds depend quite weakly on changes in the constraints
on τντ and θντ and relatively strongly on changes of M∆0L . If ∆
0
L will not be discovered in
the running LEP II experiments the bound (7) will rise up to 21 MeV, closing the allowed
gap for tau neutrino mass. This would lead into difficulties to understand the BBN result,
Nν = 2.1, in SO(10) GUT-s.
If we relax the constraint (1) and allow the possibility that three neutrinos contribute
to BBN, then the tau neutrino, provided its mass exceeds 100 eV, should be unstable and
decay via the neutral Higgs exchange at some later time. Most generally, from constraints
of the mass density of the Universe [22] one obtains the bound [23, 7]
τντ ≤ 8.2 · 1031 MeV−1
(
100 keV
mντ
)2
. (8)
More stringent bounds can be derived from considerations of galaxy formation [24] but,
as they are model dependent, we are not going to treat them here. It follows from Eq.
(8) that
mντ >∼
3.1 · 10−2 keV
(
M∆0
L
GeV−1
) 4
3
[(fµµ + 2θµτfµτ ) (fµτ − θµτ (fµµ − fττ ))]
2
3
, (9)
implyingmντ >∼ 48 keV (which increases up tomντ >∼ 102 keV with the expected CHORUS
sensitivity) for the most conservative situation. In this case, recent BBN calculations using
the full Boltzmann equation give bounds in the range mντ <∼ 0.1 to 0.4 MeV [25] for the
Majorana neutrino mass. This range will be tested by LEP II and forthcoming neutrino
oscillation experiments or by the NLC (see Table 1) where a sensitivity of mντ >∼ 0.5 MeV
will be achieved.
It appears to be difficult to avoid the obtained bounds in SO(10) GUT-s. Enlarger-
ing the scalar sector may somewhat increase the effective coupling Gντ but, due to the
experimental constraints (5) and (6), no sizable effects can be achieved. Since there is
no Yukawa couplings to singlets, adding new singlet neutrinos will not open any new
decay channels. The possibility of adding new generations with light standard neutrinos
is excluded by LEP. Finally, one cannot suppress the triplet Yukawa couplings and force
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the right-handed neutrinos to be very light (no see-saw mechanism) since the left-right
mixing is known to be negligible and the unique decay mode of ντ to three light neutrinos,
left- or right-handed, will be strongly suppressed. A possibility to relax somewhat these
bounds is to assume that, unlike the situation in quark sector, νe and ντ are strongly
mixed, implying a global U(1)τ+e symmetry. However, this unnatural situation has a
very little breathing space and will become as restrictive as the U(1)τ+µ case after the
new oscillation data will be available. Certainly, in the case of larger gauge groups, e.g.
E6, new decay channels occur.
To summarize, in SO(10) GUT-s the BBN result Nν = 2.1 yields a lower bound
9 MeV (14 MeV if CHORUS and NOMAD experiments will show negative results) on
tau neutrino mass. Most importantly, this possibility will be tested in ongoing LEP II
experiments. If more than two effective neutrino species contribute to BBN, the presently
allowed region for unstable tau neutrino mass, 0.05-0.4 MeV, will be probed by planned
neutrino oscillation and collider experiments. The presently allowed mass ranges are of
great interest because of their important cosmological consequences.
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M∆0
L
(GeV) α (mH=60 GeV) α (mH=300 GeV) α (mH = 1 TeV)
45 5.6 8.4 12.0
80 2.4 3.4 4.8
250 0.56 0.76 1.0
Table 1: Upper bounds on values of α for different triplet and SM Higgs boson masses
Table caption
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